The pineal hormone melatonin has been shown to exert a direct oncostatic activity on neoplastic cells, particularly from breast cancer. In the present study, we evaluated the effects of melatonin on the proliferation and on the cell cycle distribution of human androgen-independent DU 145 prostate cancer cells. Experiments were also performed to gain insights into the possible mechanism of action of the hormone. METHODS. The effects of melatonin on DU 145 cell proliferation was analyzed by counting the cells by hemocytometer at the end of treatment. The effects of the pineal hormone on cell cycle distribution were evaluated by FACS analysis. RT-PCR studies were performed to detect Mel 1a and Mel 1b expression in DU 145 cells. The cellular localization of 125 I-melatonin binding sites was investigated by radioreceptor assay. A commercially available binding-protein assay kit was utilized to evaluate intracellular cAMP levels. RESULTS. Melatonin, in physiological doses, significantly inhibited DU 145 cell proliferation and induced cell cycle withdrawal by accumulating cells in G0/G1 phase. The mRNA for Mel 1a receptors was found to be expressed in DU 145 cells; however, by radioreceptor assay, no binding sites for 125 I-melatonin could be detected in membrane preparations, suggesting that, in these cells, the level of translation of this mRNA is too low to possibly mediate the antiproliferative action of the hormone. In agreement with this hypothesis, melatonin did not affect forskolin-induced intracellular cAMP accumulation. Binding sites for 125 I-melatonin were found in nuclear extracts of DU 145 cells. CONCLUSIONS. Melatonin exerts a direct oncostatic activity on human androgenindependent prostate cancer cells, by affecting cell cycle progression. This activity seems to be mediated by nuclear, but not by membrane, receptors.
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INTRODUCTION
Melatonin, the indolic hormone produced by the pineal gland, is known to participate in the control of many physiological processes, including circadian rhythms, sexual reproduction, aging, and immune function [1] . During the last few years, experimental evidence has been accumulating, to indicate a link between melatonin and the growth of neoplastic tissues [2] . Modulation of pineal gland function has been shown to affect tumor growth in experimentally induced breast cancer [3] ; moreover, nocturnal secretion of melatonin is reduced in a number of human malignancies [4] [5] [6] . Although these effects might be related to either the free radical scavenging or immunostimulatory activity of the hormone, several reports in the literature strongly support the hypothesis that melatonin might also exert a direct antiproliferative action at the level of the tumor tissue, particularly of breast cancer [7, 8] .
In a recent paper, we showed that melatonin sig-nificantly inhibits the growth of the human androgensensitive LNCaP prostate cancer cell line [9] . It is well known that prostate carcinoma, which is usually androgen-dependent in its early phases, very often progresses to a condition in which the androgen dependence is lost [10] . While androgen withdrawal represents the most common and successful therapy for the pathology in its early stages [11] , the therapeutic options for the more advanced, steroid-resistant prostate carcinoma are still very limited [10] . In the present study, we analyzed the effects of melatonin on: 1) the proliferation, and 2) the cell cycle distribution of human androgen-independent (DU 145) prostate cancer cells. Experiments were also performed to gain insights into the possible mechanism of action of the hormone, since the molecular mechanisms underlying the oncostatic activity of melatonin are still a matter of debate.
MATERIALS AND METHODS

Materials
Melatonin was purchased from Sigma Chemical Co. (St. Louis, MO); 2-[ 125 I]iodomelatonin was obtained from NEN-Life Science Products (Milan, Italy).
Cell Culture
The cell line DU 145 was obtained from the American Type Culture Collection (Rockville, MD). These cells were derived from a brain metastasis of a human androgen-unresponsive prostate carcinoma; they retain the androgen independence of the original tumor and do not express the androgen receptor [12] . DU 145 cells (passages 60-70) were routinely grown in RPMI-1640 medium (Seromed Biochrom, Berlin, Germany) supplemented with 5% fetal bovine serum (FBS, Life Technologies, Paisley, Scotland, UK), glutamine (1 mmol/l), and antibiotics (100 U/ml penicillin G sodium and 100 g/ml streptomycin sulfate) in a humidified atmosphere of 5% CO 2 -95% air. Under these conditions, the doubling time was 36 hr.
Cell Proliferation Studies
Cell growth studies were performed on exponentially growing cells. DU 145 cells were plated at a density of 300 cells/cm 2 in 100-mm dishes. Treatment started 2 days after plating. Cells were treated every day with melatonin (0.01-100 nM) for 7 days. At the end of treatment, cells were harvested and counted by hemocytometer.
FACS Analysis
Fluorescence-activated cell sorting (FACS) analysis was performed as described [13] . DU 145 cells were plated at a density of 4,000 cells/cm 2 in 100-mm dishes in RPMI-1640 supplemented with 5% FBS. Twenty-four hours after plating, cells were treated either with vehicle or with melatonin (0.01, 1, and 100 nM) for 48 hr. After treatment, DU 145 cells were trypsinized, washed twice with ice-cold PBS, fixed by dropwise addition of 70% ethanol, and incubated at 4°C overnight with constant agitation. Thirty minutes before flow cytometric analysis, the cellular doublestranded nucleic acids were stained with propidium iodine (50 g/ml). RNAse (100 units/ml) was included to degrade double-stranded RNA. Propidium iodine fluorescence was obtained using linear amplification with doublet discrimination. Five thousand forward scatter-gated events were collected per sample. Data were analyzed by the Cellquest program (Becton Dickinson, San Jose, CA).
Mel 1a and Mel 1b Expression by RT-PCR
In order to determine whether membrane (Mel 1a and Mel 1b ) receptors are expressed in prostate cancer cells, RT-PCR was performed on RNA extracts from DU 145 cells and HEK293 (positive control). After phenol-chloroform extraction, 1 g of total RNA from each sample was used in a reverse transcription reaction. cDNA synthesis was performed using the Gene AMP kit (Perkin Elmer Cetus, Norwalk, CT), with an oligo(dT) 16 as a primer for the reverse transcriptase. Samples containing cDNAs obtained from cells were then amplified in a 100-l solution containing PCR buffer (50 mM KCl, 10 mM Tris-HCl), 2 mM MgCl 2 , 100 pmoles of a pair of specific primers, and 2.5 U Taq Polymerase. Thirty-five cycles of amplification were performed in a programmable heat block (Perkin Elmer Cetus) (90 sec denaturation at 94°C, 90 sec primer annealing at 54°C, and 2 min primer extension at 72°C). The primers were: 5Ј-CTGGCCTGCGTCCT-CATCTTCACCATCGTG-3Ј (sense, 88-117) and 5Ј-CCATGCTGGCGGGGTCAGAGGC-3Ј (antisense, 784-805) for Mel 1a [14] , and 5Ј-CGCTGTCCGCGGT-GCTCATCGTCACCACC-3Ј (sense, 125-153) and 5Ј-CCAGGGCCCAGCCGTCATAGAAGATG-3Ј (antisense, 300-325) for Mel 1b [14] . After RT-PCR, the amplified DNA products were separated on a 1.5% agarose gel and stained with ethidium bromide. Southern blotting analysis was performed, and blots were hybridized with synthetic 32 P-labeled oligonucleotide probes: 5Ј-TGCGTTCCTGAGCTTCTT-GTTCCGATACAC-3Ј (154-183) for Mel 1a [14] , and 5Ј-TGCGTTCCGGAGCTTGCGGTTCCTGAGCAC-3Ј (193-222) for Mel 1b [14] .
Melatonin-Binding Studies
Experiments were performed to clarify the cellular (nuclear vs. membrane) localization of melatonin binding sites in prostate cancer cells. To this purpose, nuclear and membrane preparations were obtained from DU 145 cells as previously described [15] , with slight modifications. Briefly, cells were harvested with PBS and centrifuged at 4,000g for 10 min. Cell pellets were resuspended in sucrose 0.32 M, homogenized with an Ultra-turrax homogenizer, and then centrifuged at 800g for 10 min at 4°C. The nuclear pellets were gently resuspended in 10 mM Tris-HCl/Triton X-100 0.1% (pH 7.6). The resulting supernatants, containing the membranes, were then centrifuged at 48,000g for 30 min at 4°C. The membrane pellets were washed and resuspended in 10 mM Tris-HCl buffer. Melatonin binding assays were performed as described [16] , combining both saturation and displacement protocols in the same curve. By effectively combining both saturation and competition protocols in the same curve, one can reach high concentrations of ligand without consuming excessive amounts of labeled ligand (competition part of the curve), yet have adequate radioactivity in the lower concentration range (saturation part of the curve). The saturation part of the curve was performed by incubating membrane or nuclear preparations (100 l) with 2-[
125 I]iodomelatonin (5 × 10 −13 -10 −9 M, 100 l) in a total volume of 300 l. The competition part of the curve was performed by incubating membrane or nuclear preparations (100 l) with 2-[ 125 I]iodomelatonin (10 −9 M, 100 l) in the presence of unlabeled melatonin (10 −9 -10 −6 M, 100 l) in a total volume of 300 l. After 2 hr incubation at room temperature, 1 ml ice-cold assay buffer was added, and the tubes were immediately centrifuged at 48,000g for 30 min for membranes, and at 800g for 10 min for nuclear preparations. Supernatants were discarded and pellets were counted in a ␥-counter. Simultaneous analysis of the data from the saturation and competition protocols for the same curves was performed by the Ligand program [17] . The protein content of each membrane or nuclear preparation was evaluated according to the method of Bradford [18] . 
Statistical Analysis
The data from experiments involving cell proliferation and cAMP formation were analyzed according to the test of Dunnett [19] , after one-way analysis of variance.
RESULTS
Effects of Melatonin on Cell Proliferation
The effects of treatment with melatonin (0.01-100 nM) on DU 145 cell growth are reported in Figure 1 . In DU 145 cells, melatonin significantly inhibited cell proliferation when utilized in nanomolar concentrations (0.5-5 nM). Lower (0.01 and 0.1 nM) or higher (10 and 100 nM) doses of the hormone were found to be ineffective (Fig. 1) .
Effects of Melatonin on Cell Cycle Distribution
To analyze in more detail the antiproliferative action of melatonin on DU 145 cells, we evaluated the possible effect of the hormone in the control of cell cycle progression. By FACS scan analysis, we showed that treatment with melatonin (1 nM) caused a significant accumulation of cells in G0/G1 phase and a decrease in the S phase of the cell cycle (Table I) . A lower (0.01 nM) and a higher (100 nM) dose were ineffective (Table II) .
RT-PCR of Human Mel 1a and Mel 1b Melatonin Receptor Transcripts
The expression of membrane receptors for melatonin in DU 145 prostate cancer cells was evaluated by RT-PCR, utilizing primers specific for Mel 1a and Mel 1b cDNAs. Figure 2 shows that a Mel 1a -specific cDNA (718 bp) could be amplified and identified by Southern blot in DU 145 cells (Fig. 2, lane 2) . The same band was detected in the positive control (human embryonic kidney cell line HEK293, Fig. 2, lane 3) . No amplification product was seen in samples in which the reverse transcriptase was omitted (Fig. 2, lane 1) . RT-PCR for Mel 1b mRNA did not yield any amplification product, indicating that prostate cancer cells do not seem to express this melatonin membrane receptor, at least when evaluated by RT-PCR.
Melatonin Binding Sites in DU 145 Cells
Experiments were performed to verify the presence of melatonin binding sites and to clarify their cellular localization. To this purpose, binding experiments were performed on both membrane and nuclear preparations from DU 145 cells, using (Fig. 3) .
Effects of Melatonin on cAMP Accumulation in DU 145 Cells
Membrane receptors for melatonin are known to be coupled to the activation of Gi proteins and to a decrease of intracellular levels of cAMP [20, 21] . These studies were undertaken to determine whether, in prostate cancer cells, melatonin could modify forskolin-induced accumulation of cAMP. As indicated in Table II , melatonin failed to prevent the stimulation of cAMP synthesis induced by forskolin in DU 145 cells.
DISCUSSION
The data reported in this paper demonstrate that doses of melatonin, corresponding to the physiological concentrations in blood (nanomolar range), significantly inhibit the growth of the human androgenindependent DU 145 prostate cancer cell line. Moreover, the pineal hormone affects cell cycle distribution, accumulating cells in G0/G1 phase, while decreasing the number of cells in S phase. This indicates that the antiproliferative action of melatonin is not due to a cytotoxic effect on these cells, but rather to a modification of the cell cycle length. In agreement with these observations, we recently reported [9] an anti- proliferative action of the indolic hormone on the human androgen-sensitive LNCaP prostate cancer cell line. Thus, melatonin seems to exert a direct cytostatic action on prostate cancer cells, independent of their dependence on testicular steroids.
A direct interaction between melatonin and prostate cancer was previously proposed, although controversial results have been reported. Melatonin has been shown to inhibit the growth of R3327H Dunning prostate adenocarcinoma [22] but to enhance the growth of a transplantable androgen-insensitive prostatic adenocarcinoma in rats [23] . Physiological concentrations of the hormone inhibit 3 H-thymidine incorporation in androgen-sensitive LNCaP prostate cancer cells [24] ; in androgen-insensitive PC3 prostate cancer cells, melatonin differently affects 3 H-thymidine incorporation according to cell density [25] , stimulating it at low cell density and attenuating it in high-density cultures [25] . At present, the reasons for the partial discrepancy between these observations and the data reported in our paper are unclear. However, they might be accounted for by the different experimental conditions adopted (e.g., cell lines, cell culture conditions).
On the other hand, consistent with the data here reported, a direct oncostatic action of melatonin has been demonstrated in a variety of tumor cells other than prostate cancer. Physiological, but nor subphysiological or pharmacological, concentrations of melatonin have been shown to exert a direct antiproliferative effect on human estrogen-responsive MCF-7 breast cancer cells [7, 26, 27] . The pineal hormone also inhibits the growth of the human ovarian adenocarcinoma BG-1 cell line [28] , of human neuroblastoma SK-N-SH cells [29] , of murine colon 38 adenocarcinoma cells [30] , and of rat melanoma [31] or pheocromocitoma [32] cells.
It is interesting that, in breast cancer, melatonin is able to exert its antimitogenic action on estrogendependent, but not on hormone-unresponsive, cells. In estrogen-dependent breast cancer cells, the pineal hormone appears to act mainly by interfering with the estrogen response system [33] [34] [35] . In contrast, according to our observations, melatonin can inhibit the growth of both androgen-dependent [9] and androgen-independent (data here reported) prostate cancer cells. Experiments are in progress in our laboratory to clarify whether the pathways through which the hormone exerts its cytostatic activity might be similar in the two different cell models.
In spite of the several reports supporting a direct cytostatic effect of melatonin on cancer cells, the signal transduction pathway mediating this activity is still unknown. In this paper, we have shown that, in DU 145 cells, Mel 1a membrane receptors are expressed at the mRNA level; however, by radioreceptor assays, no binding sites for 125 I-melatonin could be detected in membrane preparations. We concluded that the level of translation of Mel 1a mRNA was too low to possibly mediate a physiological effect. This conclusion is further supported by the observation that melatonin does not affect forskolin-induced cAMP accumulation. It is actually well-known that ligand-induced activation of membrane Mel 1a receptors is followed by decreased intracellular cAMP formation [20, 21] . On the other hand, we have shown that binding sites for 125 Imelatonin can be detected in the nuclear fraction of DU 145 cells, suggesting that the oncostatic activity of this hormone might be mediated, at least partially, by receptors localized in the nucleus. We recently reported similar results on androgen-sensitive LNCaP prostate cancer cells [9] . The hypothesis of a nuclear site of action of melatonin is supported by previous observations made in breast cancer cells. First, little to no melatonin binding has been found in MCF-7 breast cancer cell membranes [36] . Second, melatonin has been reported to inhibit the binding of the estradiolestrogen receptor complex to the estrogen response element in nuclear extracts of MCF-7 cells [35] . According to the authors, these observations suggest the presence, in nuclear extracts, of a receptor for melatonin, which is able to interfere with the binding to DNA of the activated estrogen receptor. In this context, it is important to note that physiological actions of melatonin, other than the oncostatic one, have been proposed to be nuclear receptor-mediated [37, 38] .
Although increasing attention has recently been devoted to the "putative" nuclear receptor for melatonin, its identity remains unknown. Melatonin binding to the orphan nuclear receptor RZR/ROR␣ has been demonstrated by transient transfection assays in Drosophila cells [39] [40] [41] . RZR/ROR␣ receptors have been suggested to mediate the effects of melatonin in the control of cell growth and differentiation. However, the possibility that this transcription factor might be the nuclear receptor for melatonin is still a matter of debate [42, 43] . Calmodulin has been suggested as another potential candidate receptor for melatonin [35] . It was previously demonstrated that calmodulin may facilitate the binding of activated steroid receptors to their specific DNA response element [35, 44] . On the other hand, the pineal hormone has been shown to bind to calmodulin in a Ca ++ -dependent fashion, resulting in inhibition of calmodulin [45, 46] .
In conclusion, the data here reported indicate that melatonin exerts cytostatic activity on human androgen-independent DU 145 prostate cancer cells, by affecting cell cycle progression. This activity seems to be nuclear, but not membrane, receptor-mediated. Additional studies are needed to identify the receptor involved in the oncostatic property of melatonin.
Our results, together with previous reports on different human neoplasms, seem to suggest that melatonin might be considered as an effective cytostatic agent, either alone or in combination with standard anticancer treatments. This hypothesis is further supported by the well-known immunostimulatory and antioxidant properties of the hormone.
